We present a climate analysis of nine unique Swiss Alpine new snow series that have been newly digitized. The stations cover different altitudes (450-1860 m asl) and all time series cover more than 100 years (one from 1864 to 2009). In addition, data from 71 stations for the last 50-80 years for new snow and snow depth are analysed to get a more complete picture of the Swiss Alpine snow variability. Important snow climate indicators such as new snow sums (NSS), maximum new snow (MAXNS) and days with snowfall (DWSF) are calculated and variability and trends analysed. Series of days with snow pack (DWSP) ≥ 1 cm are reconstructed with useful quality for six stations using the daily new snow, local temperature and precipitation data. Our results reveal large decadal variability with phases of low and high values for NSS, DWSF and DWSP. For most stations NSS, DWSF and DWSP show the lowest values recorded and unprecedented negative trends in the late 1980s and 1990s. For MAXNS, however, no clear trends and smaller decadal variability are found but very large MAXNS values (>60 cm) are missing since the year 2000. The fraction of NSS and DWSP in different seasons (autumn, winter and spring) has changed only slightly over the ∼150 year record. Some decreases most likely attributable to temperature changes in the last 50 years are found for spring, especially for NSS at low stations. Both the NSS and DWSP snow indicators show a trend reversal in most recent years (since 2000), especially at low and medium altitudes. This is consistent with the recent 'plateauing' (i.e. slight relative decrease) of mean winter temperature in Switzerland and illustrates how important decadal variability is in understanding the trends in key snow indicators.
Introduction
Snow is a resource of utmost commercial (tourism, hydro-power) and social value (drinking water supply, hazards such as avalanches) for the Alpine region (Abegg et al., 2007; Elsasser and Messerli, 2001) . Snow climate indicators have been featured as one of the hallmarks in monitoring climate change in the IPCC reports (Lemke et al., 2007) but also its relatively bad observational record has been stressed. It therefore is of great value to digitize, quality check and analyse as much data as possible that have been measured historically. Fortunately, Switzerland has a long history of snow monitoring and snow variability and trends have been analysed for different periods, some for the last 50 years (Beniston, 1997; Scherrer and Appenzeller, 2006; Scherrer et al., 2004) , some dating back to 1931 (Laternser and Schneebeli, 2003; Marty, 2008) . All studies found a decrease of the Alpine snow pack since the mid 1980s especially at low stations (<1300 m asl, cf Laternser and Schneebeli, Figure 1 . The geographical location and regionalization of the nine long snow series used in this study with station altitude (left) and meta information (right) . Shown is the time period where the single stations measured new snow (light grey), snow depth (only if used in this study, dark grey), major observer changes (O), station relocations (S) and data gaps of 1 month or more (one filled black dot for every missing month).
A period of different measurement practice in ARO is shown with '?' signs.
The aim of this article is to present an analysis of the snow variability in the Swiss Alps for the period 1864-2009 using the newly recovered new snow data together with the more extensive new snow and snow depth (SD) data set for the last 50-80 years. Derived snow climate indicator series based on new snow data are presented in order to better classify the recent low snow period in the late 1980s and 1990s (cf Scherrer et al., 2004; Marty, 2008) and interannual to decadal Swiss Alpine snow variability in general. Indicators based on SD are of similar importance but since the newly digitized data is mostly new snow measurements, these had to be reconstructed using the new snow measurements, daily temperature and precipitation amounts available at the stations. We discuss how well and for which indicators this works well.
This article is structured as follows. First, the long data series, data treatment, limitations and methods used to reconstruct SD-based indicators are introduced in Section 2. The resulting indicator series suitable for climate analysis are presented in Section 3. New snow sum (NSS) and its derived variables maximum new snow (MAXNS) amounts and days with snowfall (DWSF) are discussed in Section 3.1. Reconstructed days with snow pack (DWSP) results for six stations are presented in Section 3.2. In Section 3.3., we shed light on the question whether the fraction of NSS and DWSP for autumn, winter and spring has changed over time. The NSS and DWSP trends from the long series are combined with trends from 71 additional snow stations measuring since at least the 1960s in Section 3.4. Finally, some conclusions and comments of more general scope are drawn in Section 4.
Data and methods

Snow data and data quality
Until recently the digital Swiss snow data available were restricted to the period after 1931 (cf Laternser and Schneebeli, 2003) . Wüthrich (2008) identified handwritten station data from 12 stations in the MeteoSwiss paper archive for which the following three criteria were satisfied:
• original well readable data of daily NSS, SD or DWSP are available • measurements started before 1910 and are still in operation today and • the series contains not more than 5 years of continuous gap or not more than five gaps of 1 year length
The data of these 12 stations were digitized with great care and visual data quality checks were applied. It is well known that in order to analyse climate series with respect to variability and long-term trends they should be homogenized (Peterson et al., 1998; Begert et al., 2005) . In our case, a rigorous homogenization process is not possible since the station network is extremely sparse and not enough information is available to create reference series for the homogenization procedure. To end up with reliable data suitable for climate analysis, we consulted the station metadata, i.e. the station history with information about the station characteristics such as station dislocations, observer changes and (a somewhat subjective) observer 'rating'. Normally, also changes in measurement techniques, instrumentation and the observation time need to be considered. This is not necessary in our case since the tools, i.e. the manual reading of a measuring rod for SD and new snow accumulated over a horizontal white chipboard, as well as the observation time did not change since the beginning of the monitoring in the 19th century. To qualify for further analysis three main criteria had to be satisfied by each station:
• the station experienced no station dislocation that was not within a 1 km of the original location (exposition was not considered explicitly) • the vertical change of a station dislocation must be smaller than 100 m of altitude • the metadata (as noted by the inspectors or data quality editors) indicates no severe 'irregularities' caused by observer changes or the reliability of observers (see Wüthrich (2008) for details)
After applying these criteria, three series (Basel, Glarus and Säntis) had to be disqualified. The geographical features and the metadata (measurement begin, major observer changes, station relocations and data gaps) of the remaining nine series are presented in Figure 1 . Possible unphysical features in the series that can be linked to the metadata are discussed in the Section 3. For more details about the data treatment and more metadata (also as tables) the reader is referred to Wüthrich (2008) .
Unfortunately, the resulting set of nine series lacks stations from the southern slopes of the Alps, the Valais in south western Switzerland and the Jura mountain range in the west. To simplify the display of the results and to separate the main geographical locations, we define a 'central Switzerland ' group with the five stations Guttannen (GTT), Luzern (LUZ), Göschenen (GOS), Meiringen (MER) and Einsiedeln (EIN) and an 'eastern Switzerland ' group with the four stations Segl-Maria (SIA), Elm (ELM), Chur (CHU) and Arosa (ARO) shown in Figure 1 .
New snow indicator construction, data gaps, smoothing
For engineering, construction, road maintenance purposes but also for climate change monitoring new snow indicators are of substantial interest. The following three new snow indicators have been computed from the observed daily new snow series for the nine stations on a seasonal to annual basis: (1) MAXNS, (2) NSS and (3) DWSF, defined here as days with NSS ≥ 1 cm. This is different from the definition in the SYNOP code (where already a visual recognition of snow flakes qualifies as day with snow fall). Due to the lack of documented eyeobservations this definition is the only reasonable choice to make. With the exception of the two complete data series for CHU and ARO, the chosen new snow series have data gaps of 1-18 months in total (cf Figure 1 ). For the data display of smoothed tendency curves, these data gaps have been filled on a monthly basis using the average of the five preceding and five following years. In case one of the selected months has a gap itself, the averaging procedure was performed without this value. The original unsmoothed data have not been interpolated and the gaps remain visible. For the snow indicator construction, a 'snow year' has been defined from 1 September to 31 August of the following year. This special aggregation period (instead of e.g. the hydrological year) has been chosen since for higher stations, the first snow fall of the new snow year often takes place already in September. The year assigned to this 'snow year' is the year in which the period started, e.g. '1915' = 1 September 1915 to 31 August 1916. This is different to the year allocation for the hydrological year. To get a better feeling for the decadal variations in the data, 10 or 20 year Gaussian low pass filtered curves are added to the raw data series.
Reconstruction of snow depth indicators
Besides the new snow indicators introduced above, also SD indicators are of large value for climate monitoring purposes but also other applications such as construction, hazards, warnings and snow tourism. Indicators of interest are, e.g. SD and DWSP, i.e. days with SD above a certain limit, e.g. 1 cm (for road maintenance), 5 cm (for sledging) or 30 cm (for downhill skiing), cf e.g. OECD (2007) . Since the SD measurements started only in the late 1950s for most stations (cf Figure 1) , the SD indicators had to be reconstructed for the pre-measurement period.
Methods
To reconstruct SD, a snow model needs to be run in principle. There is a myriad of snow models in use today for very different purposes, e.g. in watershed modelling (Vehviläinen, 1992) or snow research (Bartelt and Lehning, 2002) . In our case, only three input parameters are available at six stations (namely SIA, MER, CHU, ELM, LUZ and EIN): (1) new snow measurements, (2) daily mean temperature and (3) daily precipitation sums. We are thus forced to apply a very basic model. The Canadian Daily Snow Depth Database (Brown and Braaten, 1998) and the Water Balance Tabulations for Canadian Climate Stations (Johnstone and Louie, 1983) were created using such a method. The approach was found to give the best overall results in an evaluation of methods for reconstructing SD information from climatological data (Brown, 1996) . It also worked reasonably well for a range of snow cover climates in northern America (Brown and Goodison, 1996; Scott et al., 2003) . There are no results showing whether the method works well in the complex terrain of the Swiss Alps. After introducing the method, we have to evaluate for which indicators the approach might be useful for climate analysis purposes.
The daily snow depth was calculated as follows:
where SD is snow depth in cm; t, time in days; NS, the new snow sum in cm, M , the melt in cm and the snow settlement factor is taken 1/3. The melt M is defined according to the index method introduced by the US Army Corps of Engineers (1956):
(2) where R is daily precipitation in cm and T daily mean temperature in • C. k is a local calibration factor that needs to be calibrated for each station separately.
The temperature values available in our case are measured 2 m above surface (T 2m ) according to WMO regulations. We found that the reconstruction was considerably better [root mean square error (RMSE) and mean absolute error (MAE) decrease of 28% for all days with SD > 0 cm] if we adapt the temperature limit to T 2m > 2 • C instead of T 2m > 0 • C. We therefore use the following slightly adapted formula for the melt contribution:
Data treatment
The snow model needs daily input of mean temperature, precipitation sums and NSS. Snow and precipitation is measured around 7 am UTC, temperature on the other hand was measured three times a day (roughly at 7 am, 1 pm and 7 pm UTC) historically. The daily mean temperature used in this study was computed as the average of the 7 am, 1 pm and twice the 7 pm value.
The double-count of the 7 pm value is to mimic the night temperature that was not explicitly measured. This procedure was also applied by other European weather services (e.g. the German Weather Service DWD, see their website) for the pre-automatic measurement period. A gap in the NSS measurement leads to a gap in the reconstructed SD series. An exception is when the precipitation data indicates that there is no precipitation in this period. In this case, the NSS is set to 0 cm. A temperature gap of 1 day was interpolated by the average of the preceding and the following day. A gap of several days leads to a gap in the reconstruction. Precipitation gaps of several days also lead to a gap in the reconstruction if daily mean temperature is ≥ +2 • C. For daily mean temperature ≤ +2 • C, precipitation gaps were filled with 0 cm, since there is no influence on the reconstruction (cf melt Equation (3)).
Method calibration and validation 2.3.3.1. General remarks:
The k value in the melt formula remains the only 'tuneable' parameter in the above SD reconstruction procedure if the settling factor 1/3 is taken as constant (as published). For each station, one k value was calibrated using daily data of the odd years from 1959 to 2007. The data from the even years between 1960 and 2008 were used to validate the results. Table 1 shows the k values (range: 0.25-0.42) based on minimizing MAE and RMSE of the reconstructed and observed daily data with SD ≥ 0 cm. MAE and RMSE criteria lead to basically the same k values (differences < 0.01). The resulting k but also the MAE/RMSE calibration/validation values vary considerably between stations. k is normally smaller for low (snow poor) stations (e.g. k = 0.25 for LUZ and CHU) than for higher (snow rich) stations (k ∼ 0.4). This indicates that for the same T and R values in Equation (2), the melt M is larger at higher stations. The reason for these differences is that Equation (2) neglects other important melt 'drivers' such as radiation, humidity and wind effects which therefore map onto k and increase k . Especially for wind and radiation effects this makes sense since higher stations are often exposed to more wind and radiation. Factors not related to melt, such as snow erosion, wind-drift, precipitation undercatch and a non-constant settling factor might also map onto the factor k . Note also that the MAE/RMSE values are much larger for snow rich stations. This can be expected since the absolute amounts are also much higher.
Snow depth:
The performance of the SD reconstruction is evaluated for a low altitude (EIN, 910 m asl) and a high altitude station (SIA, 1802 m asl) in more detail. Figure 2 compares the reconstructed SD with observed SD for the 10-year period September 2000 to August 2009 using the calibrated k value from the odd years 1959-2007. The SD evolution over the snow year is reasonably well captured, especially for the lower altitude station EIN. Some key numbers on the performance on a daily scale for all stations are given in Table 1 .
The method has problems to reach the observed SD maxima (especially in autumn). A potential reason is that the constant snow settlement factor leads to problems especially for snow fall events that last several days. SD maxima are also often underestimated for isolated snowfall cases in spring, summer and autumn since the settlement factor is high and the mean temperature leads to very large melt M. As a consequence, the fallen snow is melted quickly and hardly any SD is modelled for the following days.
Another problematic feature is found for high altitude stations which exhibit a permanent snow cover over several months. Here, the reconstruction often underestimates SD in the early season and overestimates SD substantially in the melt period in spring (cf Figure 2(b) ). This can in part be attributed to increased solar radiation in spring, which our simple model does not account for. Very similar results were documented for stations in southern Ontario (cf Figure 3 in Scott et al., 2003) . For low altitude stations the reconstruction bias is less dependent on season but overall still negative (cf Figure 2(a) ). In this case, poor SD representation might be just linked to the poor representation of maxima especially for several day snowfall events mentioned above. In total, the reconstructed daily SD values for low and high altitude stations are underestimated in over 75% of the days with snow and overestimated in less than 25% of the days with snow.
The seasonal cycle of SD is rather well captured at low altitude stations and shows some problems at high altitude stations. Since there are concerns regarding the tendency to underestimate extreme SD on a daily scale and as a consequence also mean SD values, we refrain from creating an annual SD mean/sum indicator for the reconstruction period. In the next section, we check whether indicators for DWSP can be reconstructed with a useful accuracy for climate analysis. Figure 3 shows reconstructed DWSP for two limits (SD ≥ 1 cm and SD ≥ 30 cm) at the station EIN. We assess the performance not only for the validation period (even years from 1960 to 2008) but also for the completely independent reconstruction period between 1931 and 1958 for which SD measurements are available but the method has no knowledge of. For calibration, the odd years between 1959 and 2007 are used. The 1931 The -1958 values are on average underestimated by ∼14.5 d per year or ∼13% with respect to observation for the 1 cm limit and by ∼25.5 d per year or ∼55% for the 30 cm limit. The results are better for the validation period (even years from 1960 to 2008) with values underestimated by ∼8.3 d per year or 7% for 1 cm and ∼10.5 d per year or 21.5% for 30 cm. Since the errors to reconstruct skiable days (DWSP ≥ 30 cm) are up to 55% for the independent reconstruction period (e.g. in 1939 only one DWSP ≥ 30 cm is modelled although 71 DWSP were observed), we think that a reconstruction makes sense only for DWSP ≥ 1 cm where the daily reconstruction errors are in the order of 10%.
Days with snow pack:
The new snow and SD indicators discussed in the next section are thus limited to (1) MAXNS, (2) NSS, (3) DWSF and (4) DWSP ≥ 1 cm. Figure 4 shows the evolution of MAXNS for the nine long series introduced above. For the lower altitude stations, the mean MAXNS ranges between 15 and 25 cm d −1 , for medium altitude stations the range is between 25 and 35 cm and for high altitude stations values between 35 and 60 cm are found. The absolute daily extremes in the data set are 1 cm (LUZ, 1989) and 110 cm (GOS, 1981) . There are no significant trends considering the whole measuring period but some decadal variations can be identified. For most stations somewhat higher MAXNS are found between 1910 and 1920 as well as between 1970 and 1985. There seems to be a minimum around 1930. Note that for the most recent period since the late 1980s the mean MAXNS values (smoothed curves) are not particularly low. It is, however, striking that since the year 2000, no extremely large values (e.g. MAXNS > 60 cm) are found any more. This is directly linked to a lack in weather situations that lead to extreme winter precipitation in the same period which is likely to be linked to natural decadal variability. The influence of station relocations and observer changes (cf Figure 1) seems to be negligible. , 1974) . There is also considerable decadal variability. All stations show lower NSS values since the late 1980s (cf also Scherrer et al., 2004 and Marty, 2008) . For most low altitude stations (LUZ, CHU, MER, EIN, GTT) these values are unrivalled since the beginning of the measurements. For higher stations the values are at least among the lowest measured since the late 19th century. Most stations show a phase of high NSS in the 1970s and early 1980s. Especially for central Switzerland this maximum is very clear and seems to start rather abruptly already in the 1960s (Figure 5 , right panel). The 1930s, 1940s and 1950s were a period of lower NSS. There is an indication for higher NSS between 1900 and 1920. In general, the consistency between stations is smaller in the eastern part. This is not surprising since the station locations and expositions are very different from each other (e.g. ELM and SIA are influenced by very different flow patterns). The station SIA shows very strong decadal fluctuations. Whether these fluctuations can be attributed to climatology only is difficult to assess since we have no other station data available that is that highly influenced by the climate of the southern slopes of the Alps. Using the metadata alone (i.e. the four minor station relocations and six observer changes documented in Figure 1 ) the strong fluctuations cannot be explained to a reasonable degree. The same applies to the other stations. We therefore assume that the fluctuations shown are mainly of climatological nature. Figure 6 depicts the evolution of another important new snow measurement indicator, the number of DWSF. The evolution is very similar to the NSS evolution (cf Figure 5) , which shows that the NSS variability is strongly linked to the DWSF. In absolute numbers, the relation highly depends on the station: GOS, EIN and GTT show almost the same number of DWSF with a double maximum in the 1960s and around 1980s but quite different NSS. This indicates that most snow events are shared (snow at station A means also snow at station B) but the actual amount is highly dependent on station location and exposition. As for NSS, SIA shows very strong multi-decadal fluctuations with minima from 1890 to 1910, the late 1930s to 1950s and since the late 1980s. Maxima are found for the 1910s to 1930s (peaking around 1915) and in the 1970s and early 1980s. The very early period from 1864 to 1880 shows average behaviour. In contrast to most other stations and the NSS, the low SIA values from 1890 to 1910 and in the late 1930s to 1950s are even lower than the ones found since the late 1980s. Also for this indicator, the metadata do not help to explain the different behaviour of SIA and we assume that the series is representing the climatological properties of the southerly influenced part of the Swiss Alps. For ARO, significant almost linear increases are found for the period between 1930 and 1980. The metadata indicates that between the mid-1960s and at least into the late 1980s the SD measurements have been taken at another snow stake every year from mid-April into the summer. Although the note reassures that the new snow measurement (which is the only parameter needed to compute DWSP) has always been taken at the same spot, we need to be cautious whether these changes are really linked to climatology.
Results
New snow indicators
Maximum new snow
New snow sums
Days with snow fall
Days with snow pack reconstructions
In this section, we discuss the results of the reconstructed DWSP ≥ 1 cm for six long series. Figure 7 shows the results for the reconstruction period (thin lines) as well as the period where SD has been actually measured (thick lines). As already discussed in Section 2.3., the results in the 1960-2008 validation period show reasonable performance (cf the thin/thick lines in Figure 7) . This gives us an indication that the reconstruction is of useful accuracy especially for investigating decadal fluctuations. There is considerable decadal variability in the reconstructed data set which shows similarities with the DWSF and the NSS discussed above (cf Figures 5 and 6) . A DWSP maximum is found from the 1960s to the early 1980s (especially well visible in the eastern Switzerland series, Figure 7 right panel). The data also indicates that for most stations (LUZ, CHU, MER, ELM, SIA) the DWSP in the late 1980s and 1990s have been the lowest since the start of the observations almost 150 years ago. Since the reconstruction method tends to underestimate DWSP (cf Figure 3 ) this statement can be made with some confidence. Note that the data also show some indications for a trend reversal and values above the lowest levels found in the late 1980s and 1990s. This fact is elaborated with many more stations in Section 3.4.
Changes in the seasonal distribution of snow pack
From simple global warming arguments and climate model results one might expect that changes in snow pack values are especially large at the beginning or the end of the snow season, in other words, there might be pronounced changes in the seasonal distribution of snow cover accumulation. To see whether any significant changes can be found in our data, Figure 8 depicts the NSS and DWSP fractions (with respect to the yearly values) for autumn (SON), winter (DJF) and spring (MAM) at three stations with different altitude (low: LUZ 454 m asl; medium: ELM 965 m asl and high: SIA 1802 m asl). As expected, the average fractions change with altitude. While the spring NSS fraction is about 20% for the low altitude station, it is roughly 40% for the high altitude station. For winter, the NSS fraction changes from over 70% for the low altitude station to less than 40% for the high altitude station. In autumn finally, the low altitude station NSS fraction is mostly less than 10% but up to 20% for the high altitude station. Roughly, similar results are found for DWSP. There is considerable decadal variability (especially for NSS) and hardly any trends over the whole time period are visible by eye except maybe a slight decrease of the MAM fraction at the station LUZ. Table 2 gives more objective numbers in terms of the fraction changes using ordinary linear least-square regression trends applied to the 10 year Gaussian low pass filtered data. Significant NSS decreases are found for all stations in spring (MAM). The fraction decrease is largest and significant (p < 0.001) for the lowest station LUZ with about 7% per century. For ELM and SIA the decrease are 3% (p = 0.02) and 4% per century (p = 0.008), respectively. These results are in line with the results presented by Laternser and Schneebeli (2003) . There are also NSS fraction increases in autumn (SON) for LUZ and winter (DJF) for SIA. Note that these trends might be spurious since we work with fractions and the three seasons have to add up to one. As a consequence, a real trend needs to be compensated by a spurious trend in one of several of the other seasons.
For fractional changes in DWSP the decreases in spring are only significant for SIA (p = 0.001) together with slight increases in winter (p < 0.001). Increases are also found for LUZ in autumn (p < 0.001). Whether all these fractional DWSP trends are real or in part compensation effects is hard to say. Since the visual inspection did not reveal clear changes, we tend to interpret these trends partially as compensation effects instead of real trends.
We repeated the fraction change analysis for the last 50 years where climate change became most obvious. The results are qualitatively similar but there are even stronger spring fraction declines at the low station LUZ (26% instead of 7% per century) and medium station ELM (8% instead of 3% per century). This decrease in spring fraction seems reasonable as several studies (e.g. using phenology) showed that spring begins earlier in the last decades (Menzel and Fabian, 1999; Studer et al., 2005) . Similar to our results, we find no signs for a later onset of snow pack in the literature (Laternser and Schneebeli, 2003) .
In contrast to the study by Schöner et al. (2009) , which found a decrease of the core winter (DJF) fraction for some high altitude stations in the Austrian Alps, no clear winter changes are found in the Swiss Alpine series. Note that the Austrian stations to which the above statement applies are higher (2400-3100 m asl) than the stations analysed in this study and results cannot directly be compared.
Trend analysis: combining the long series with other snow observations
To put the new long series trend results in context with results from other snow observations and with previous trend analysis of Swiss stations published by Scherrer et al. (2004) , we present an adapted version of their Figure 2 . The new version (our Figure 9 ) allows extending the time window considered in Scherrer et al. (2004 Scherrer et al. ( ) from about 40 years (1958 Scherrer et al. ( -1999 to more than 100 years (the late 19th century to 2009) although not for all stations. We present relative and absolute 20 year running mean linear least-square trends for yearly NSS and DWSP for the long series together with 71 additional quality checked MeteoSwiss snow stations of differing altitudes.
All four panels indicate large decadal variability with phases of increasing (blue) and decreasing (red) trends. The trend phases often are similar for all altitudes, e.g. increases are found between 1960 and 1980 for most stations. The most distinct feature in all four panels is the strongly decreasing trends in the late 1980s and 1990s. The trend amplitudes are unprecedented since the beginning of records in the later 19th century. The relative decreases are larger for low than for high altitudes. This is especially the case for DWSP with trends larger than −75% per 10 years in the 1990s at low altitudes (<600 m asl) compared to trends mostly less than −25% per 10 years at higher altitude (Figure 9(b) ). Also for NSS larger trends are found for low altitudes (order −75% per 10 years) than high altitudes (order −25 to −50% per 10 years), thus the differences are somewhat smaller than for DWSP (cf Figure 9(a) ). For the absolute decreases the differences between altitudes are less pronounced (panels c and d). Except for very low stations (<300 m asl) absolute DWSP trends are of similar magnitude. For NSS, the absolute trends are very similar for altitudes above ∼700 m asl and somewhat smaller for lower stations.
The strongly decreasing trends in the late 1980s and 1990s are followed by a trend reversal in most recent times (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . This is especially obvious for stations below 800 m asl (Figure 9 , all panels). Since at low altitudes the snow pack is temperature limited (see Scherrer et al., 2004) this trend reversal seems to be linked to the 'plateauing' or even slightly decreasing temperature in Switzerland. Figure 10 shows the absolute mean winter (DJF) temperatures for three different altitude bands (400-500 m asl, 700-800 m asl and 1000-1100 m asl) in the period 1961-2010 using the gridded 2 km temperature data set introduced in Ceppi et al. (2012) . It shows that DJF temperatures have generally increased from values somewhat below 0 • C in the 1960s to values around or above 0 • C in the more recent time. The closeness of the lower Swiss regions to the 0 • C isotherm makes the snow evolution very temperature dependent (cf also Scherrer et al., 2004) and changes in the temperature evolution can have quite strong effects on snow indicators. The two phases with relative temperature increases (roughly 1960-1975 and 1985-2000) are associated with relative snow pack decreases (cf Figure 9) with the strongest relative decreases in the late 1980s and 1990s coinciding with the strong temperature increases and high temperature levels. The snow increases in the late 1970s and early 1980s as well as after the year 2000 go in hand with relative temperature declines (cf Figure 10) . The weak declines after the year 2000 started from high temperature levels, whereas stronger temperature declines from medium temperature levels are found in the late 1970s and early 1980s. As a consequence, the snow 'recovery' is relatively weak in the period 2000-2009 and stronger in late 1970s and early 1980s. All this illustrates how important decadal variability and the 0 • C isotherm location are in understanding changes in key snow indicators and that trends signs can even be reversed due to decadal variability superimposed on ongoing climate change.
Conclusions
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Significant trends (p-values <0.05) (low pass smoothed curve shown in Figure 8 ) are shown in bold. Since the fractions add up to 1, a trend in one season is compensated by the two other seasons in the opposite direction. nine newly digitized daily new snow series from different altitudes (450-1860 m asl) and a more extensive new snow and SD data set for the last 50-80 years. A strict homogenization of the new snow series was not possible but the metadata (i.e. station relocations, observer changes etc.) of the new snow data showed no indications for serious unphysical breaks in the analysed series. Important snow climate indicators such as NSS, MAXNS and DWSF have been computed. Another important indicator, the DWSP ≥ 1 cm is constructed with useful accuracy for six stations using reconstructed SD based on the slightly adapted version of the Brown and Braaten (1998) method. The reconstructed daily SD values themselves tend to be biased substantially especially for large SDs, high stations and towards the end of the snow season and are therefore of limited value for climatological trend analysis. Reconstructed SD indicators with high SD limits (e.g. skiable days, i.e. DWSP ≥ 30 cm) suffer from large errors up to 55% for DWSP at the station EIN from 1931 to 1958.
The analysis of the new snow indicators shows large decadal variability with phases of low and high values for NSS, DWSF and DWSP. For low stations NSS, DWSF and DWSP show the lowest values recorded in the late 1980s and 1990s. For higher stations the values of late 1980s and 1990s are at least among the lowest since the late 19th century. A combination of the new long series with 71 stations measuring at least since the 1960s confirmed that the magnitude of the declines in the late 1980s and 1990s were unprecedented for all altitudes in the last 145 years. For MAXNS amounts, however, no clear trends and smaller decadal variability are found, although very large MAXNS values (>60 cm) are not found since the year 2000. The fraction of NSS and DWSP in different seasons (autumn, winter and spring) has changed only slightly over the last roughly 150 years. Some decreases attributable to temperature changes are found for spring, especially for NSS at low stations. No clear changes are found for other seasons. Presumably caused by natural decadal variability This study has shown that there are changes in the Swiss Alpine snow pack which are indicative for climate change (especially increasing temperature). Nevertheless, the complex local influences on the snow pack via temperature, precipitation, radiation, wind and humidity and the large decadal variability in the mid-latitude climate system makes it difficult to understand the details of changes in Swiss Alpine snow pack. This fact stresses the need for continued high density monitoring of Swiss Alpine snow pack, more analysis to get a better understanding of the physical processes affecting snow and finally developing better physically based models to project the future of Swiss Alpine snow pack.
